Objective: Patients with acromegaly have decreased body fat (BF) and increased extracellular water (ECW) and muscle mass. Although there is a lack of systematic studies on muscle function, it is believed that patients with acromegaly may suffer from proximal muscle weakness despite their increased muscle mass. We studied body composition and muscle function in untreated acromegaly and after biochemical remission. Design: Prospective observational study. Methods: Patients with acromegaly underwent measurements of muscle strength (dynamometers) and body composition (four-compartment model) at diagnosis (n = 48), 1 year after surgery (n = 29) and after long-term follow-up (median 11 years) (n = 24). Results were compared to healthy subjects. Results: Untreated patients had increased body cell mass (113 ± 9% of predicted) and ECW (110 ± 20%) and decreased BF (67 ± 7.6%). At one-year follow-up, serum concentration of IGF-I was reduced and body composition had normalized. At baseline, isometric muscle strength in knee flexors and extensors was normal and concentric strength was modestly increased whereas grip strength and endurance was reduced. After one year, muscle strength was normal in both patients with still active disease and patients in remission. At long-term follow-up, all patients were in remission. Most muscle function tests remained normal, but isometric flexion and the fatigue index were increased to 153 ± 42% and 139 ± 28% of predicted values, respectively. Conclusions: Patients with untreated acromegaly had increased body cell mass and normal or modestly increased proximal muscle strength, whereas their grip strength was reduced. After biochemical improvement and remission, body composition was normalized, hand grip strength was increased, whereas proximal muscle fatigue increased.
Introduction
In acromegaly, the excess growth hormone (GH) and elevated serum concentration of insulin-like growth factor I (IGF-I) are associated with excess mortality, mainly due to cardiovascular diseases, and there is evidence that normalization of GH and IGF-I also normalize the risk of death (1) . As the disease develops slowly with unspecific symptoms in the beginning, time to diagnosis can be delayed several years, at which time several comorbidities may have developed. Hypertension (40%), other neoplasms (30%), hypopituitarism (22%), diabetes mellitus (17%), arthropathies (15%) and sleep disorders (14%) are the most frequent comorbidities in Swedish patients with acromegaly (2) . Body composition is also altered with a decrease of total body fat (BF) more specifically truncal fat mass (3) and an increase in skeletal muscle mass (4) and total body water (TBW), mainly extracellular water (ECW) (5) . These changes are associated with the severity of the disease, serum GH and IGF-I levels, and are normalized after successful treatment (6) .
Despite increased skeletal muscle mass, weakness especially in proximal muscles has been described in patients with active acromegaly. However, studies on this topic have been few with conflicting results and limited by small sample size, lack of a control group and inadequate methodology. Early studies in the 1970s reported mild muscle weakness tested manually at physical examination, elevated creatinine kinases and myopathic patterns on electromyography (EMG) in about 50% of patients with active disease (7, 8) . Later studies have either relied on self-reported muscle weakness or case reports showing proximal muscle weakness, myopathic patterns on EMG and variably elevated creatinine kinase levels. More recent studies measured muscle strength in patients with acromegaly and found in both younger (9) and older (10) patients decreased hand grip strength, decreased peak torque and maximum work repetition in knee extension and flexion. Both studies used a crosssectional approach, including various degrees of biochemical remission (9) .
Our aim was therefore to perform a longitudinal study of muscle function and body composition at diagnosis of acromegaly, one year after treatment and after longterm remission.
Subjects and methods

Subjects
Recruitment of 48 consecutive patients with acromegaly was done at the Sahlgrenska University Hospital between 1990 and 2005. Acromegaly was diagnosed by the presence of clinical features, IGF-I levels above the ageadjusted upper limit of normal (ULN), GH nadir >1 µg/L after oral glucose tolerance test or GH day curve with a minimum value >1 µg/L in the presence of a pituitary adenoma. One patient was excluded due to heart failure, and in one patient, handgrip data were excluded because of paresis due to stroke. Osteoarthritis, musculoskeletal pain and history of carpal tunnel syndrome were noted but not considered exclusion criteria. Clinical characteristics are summarized in Table 1 . At follow-up, patients performed GH day curve, oral glucose tolerance test and serum IGF-I measurements. Patients were considered to have controlled disease, if two or more of these tests were normal.
Study protocol
This study was a prospective observational study of patients with acromegaly with repeated measurements of muscle strength and body composition. Patients were included at the time of diagnosis when they performed physical and biochemical examinations, muscle tests and measurement of body composition before any type of intervention occurred. They were then treated according to best clinical practice with either surgery or medical treatment or both. Some patients received radiotherapy at a later time. If necessary, patients received replacement therapy with glucocorticoids, sex steroids, GH or thyroid hormone (Tables 2 and 3 ). Tests were repeated after a median (range) of 1 (1-3) year and 11 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) years after initial treatment. After a median follow-up of 1 year and 11 years, three and eight men received testosterone replacement, respectively.
Reference populations
As muscle function is highly dependent on age and gender, each muscle test result for each patient was compared to the mean result of that same test from ≥6 (range 6-27) healthy age and gender-matched controls. The controls were part of a reference population of 144 healthy men and women randomly selected from the population census from the city of Gothenburg using the same methodology and in the same laboratory as in this study (11) . The reference population formed 10-year cohorts for the ages 40-49, 50-59, 60-69 and 70-79 for each gender. Thus, each patient was matched for age and gender and given a predicted value from the reference group. Patients younger than 40 years of age (8 men and 7 women) were given predicted values from the 40-49-year cohort. The resulting observed/predicted ratios were then used in the statistical analysis. Body composition is also highly dependent on age and gender and the result from each patient was therefore compared to predicted values derived from healthy subjects in an algorithm including age, gender and body mass index (BMI). This algorithm was based on measurements of total body potassium (TBK) and TBW in a cohort of 476 healthy individuals from the city of Table 3 Clinical characteristics and muscle function relative to reference population at diagnosis and after a median of 11 years for 24 patients with acromegaly. Gothenburg, using the same methodology and laboratory as in this study (12) .
Ethical considerations
Informed consent was obtained from all patients. The study was approved by the Regional Ethics Review Board in Gothenburg, Sweden (Dnr. 208-04).
Biochemical analysis
The technique for measuring serum IGF-I levels changed during the study period. 
Measurements of muscle function
Muscle performance of knee extensors and flexors was measured on a Kin-Com (Chattanooga Group Inc., PO Box 489, Hixson, TN, USA) dynamometer until 2001 and subsequently on a Biodex Multi-Joint System 3 PRO dynamometer (Biodex Medical Systems, Shirley, NY, USA), as described previously (11) . Before switching dynamometer, 10 healthy persons were tested in a random order on the two dynamometers with a standard test of both lower extremities in isometric and isokinetic set-ups with similar results. Briefly, after a 5-min warm-up on a bicycle ergonometer, subjects were seated on the dynamometer and the different tests were performed on their right leg separated by 2-2.5 min rests. One patient was tested on the left leg because of severe arthritis on the right side. Peak isometric strength was measured at a 60° knee angle during extension and flexion. Maximal concentric (isokinetic) strength was measured at a velocity of 60°/s and 180°/s for extension and flexion. Isokinetic endurance was evaluated as the fatigue index, the reduction in peak torque at an angular velocity of 180°/s between the first and the last three knee extensions in a series of 50 maximal concentric muscle actions. Maximum grip force and the mean value of a 10-s sustained grip for both hands were measured on a Grippit (AB Detector, Göteborg, Sweden) as described earlier (13) .
Measurement of body composition
Body composition was estimated using a fourcompartment model where body cell mass (BCM), ECW, BF and fat-free extracellular solids are calculated from measurements of TBW and TBK. TBW was measured using an isotope dilution technique with tritiated water as tracer (12) . TBK was determined by counting the gamma radiation from the naturally present radionuclide 40 K, which is a constant fraction of all natural potassium, in a high-sensitivity whole-body counter as described earlier (12) .
Statistical analysis
Descriptive results are shown as means (s.e.m.). For comparison of test results to the reference populations and between base line and follow-up, individual observed/predicted value ratios were calculated for each test person and result using the above-mentioned reference populations. The 95% confidence interval (CI) was calculated. For the follow-up analyses, observed/ predicted ratios were then compared using a two-tailed Wilcoxon Signed-Rank test, and P values <0.05 were considered significant. Baseline results between groups were compared with a two-tailed homoscedastic t-test if they were normally distributed and otherwise with a two-tailed Mann-Whitney U-test. The software IBM SPSS (version 21; SPSS Institute) was used to perform the analyses in the study.
Results
Baseline evaluation
Results from muscle tests, clinical characteristics and body composition at diagnosis are shown in Table 1 . Concentric muscle strength of the knee extensors and flexors was slightly increased in patients with acromegaly compared to the reference population as reflected by CIs of observed/ predicted values above 1.00, while isometric strength and the fatigue index were not increased (Fig. 1A) . However, the patients had weaker peak hand grip strength and average grip strength over 10 s in both hands at baseline compared to the reference population (the CIs for these ratios were below 1.00) (Fig. 1B) . The patients had reduced BF (CI: 0.59-0.75) and increased BCM (CI: 1.10-1.16) and ECW (CI: 1.04-1.16).
One-year follow-up in biochemically controlled and uncontrolled patients
Clinical characteristics, muscle function and body composition of 29 patients with acromegaly at diagnosis and after a median of 12 months after initial treatment are shown in Table 2 (controlled: n = 23; uncontrolled: n = 6). At diagnosis, there was no significant difference in age (P = 0.97), age-adjusted serum IGF-I levels (P = 0.56), length (P = 0.26), body weight (P = 0.85), blood pressure (systolic P = 0.97, diastolic P = 0.58), BF (P = 0.16), BCM (P = 0.22) or ECW (P = 0.062) between patients whose disease was controlled and those with uncontrolled disease after one year. At follow-up, both groups had a significant reduction in serum IGF-I levels (controlled disease P < 0.0001; uncontrolled disease P = 0.0032) compared to baseline. Muscle function tests at baseline were comparable between patients with controlled and uncontrolled disease with the exception of peak hand grip strength (P = 0.046) and average grip strength over 10 s of the left hand (P = 0.042), where patients with controlled disease at follow-up performed worse than those with uncontrolled disease. The frequency of carpal tunnel syndrome (controlled: 3/23; uncontrolled: 1/6) or any other comorbidity was similar in the two groups. At follow-up, strength and endurance in the proximal muscle groups remained unchanged, while hand grip strength and endurance in both hands had improved significantly to normal levels in patients in remission (Fig. 1B and Table 2 ). Hence, one year after treatment, both groups had normal muscle function in the proximal and distal muscle groups.
In most muscle function tests, there were no differences between the genders (for values relative to their predicted values). For a few tests, however, women's relative values were higher compared to men (at baseline concentric extension at 180°/s (P = 0.019), at 1-year follow-up concentric extension at 180°/s (P = 0.038) and left hand strength (P = 0.021) and endurance (P = 0.037). Mean and 95% confidence intervals of (A) proximal muscle strength and (B) hand grip strength at diagnosis (n = 48), 1 year after treatment (n = 29) and after long-term remission (n = 24) for patients with acromegaly relative to healthy controls. There was a significant reduction of BCM to the predicted level in both groups (controlled disease P = 0.0014; uncontrolled disease P < 0.05). Furthermore, BF was significantly increased (controlled disease P = 0.016; uncontrolled disease P < 0.05), but did not reach normal reference levels as reflected by the CI. There was a trend towards decreased ECW that did not reach statistical significance unless pooling the data from patients with controlled and uncontrolled disease (P = 0.016, data not shown).
Follow-up after 11 years
After a median follow-up of 11 (range 3-20) years after primary treatment, muscle function testing was repeated in 24 patients. Clinical characteristics and test results are shown in Table 3 . Eleven patients had received additional treatment after primary surgery, and 13 patients had developed pituitary insufficiencies that were replaced. Mean serum IGF-I levels were decreased from diagnosis (P < 0.0001). Also, both diastolic (P = 0.0079) and systolic (P = 0.014) blood pressure had decreased, which was not seen at the 1-year follow-up.
Isometric extension of the knee and concentric extension at 60°/s remained comparable to the reference population throughout the period of follow-up (Table 3) , while faster concentric extension at 180°/s had decreased (P = 0.035). Endurance was reduced as reflected in an increased fatigue index (P = 0.0013). The patients had, however, improved their isometric knee flexor strength to a level higher than the reference population (P < 0.0001). No change in concentric knee flexion was noted (Fig. 1A and Table 3 ). Maximum grip strength, which already had normalized at short-term follow-up, remained normal at long-term follow-up.
Discussion
The present study has shown that the increase in BCM and ECW and decrease in BF at diagnosis in patients with acromegaly are normalized after a median follow-up of 12 months after treatment. We found that concentric knee flexion and extension were slightly increased at diagnosis, while isometric strength and the fatigue index did not differ from a healthy reference population. One year after treatment, proximal muscle function was comparable to the reference population. On the other hand, upper extremity distal muscle function was weaker in patients with active acromegaly, but normalized after treatment.
After many years in remission, most muscle function tests were normal. However, isometric knee flexion was higher than normal, whereas endurance had decreased.
The changes observed in body composition in our study are in line with what has been observed in previous studies in patients with acromegaly using various methods (3, 4, 5, 14, 15) . It has been discussed whether the observed changes in BCM and muscle volume could be due to changes in body water, as widely used methods such as DXA and bioimpedance analysis cannot discriminate between water and protein or are based on regression equations derived from densitometry studies in normal populations (16) . The direct potassium counting method, used in the current study, circumvents these problems and may thus be regarded the gold standard for evaluating BCM. We showed a decrease in BCM one year after treatment. Other studies using bioimpedance analysis and computed tomography have shown a reduction in BCM/muscle volume and increase in adipose tissue/adipose tissue volume as early as 3 months (17) and 1 year (4) after treatment, respectively.
Proximal muscle strength measured in the leg of patients with acromegaly at diagnosis was slightly increased or comparable to healthy controls and essentially remained so after treatment. To the best of our knowledge, proximal muscle strength of untreated patients with acromegaly has never been tested quantitatively before. The discrepancy between our findings of normal muscle function in the knee flexor and extensor muscles and earlier reports indicating reduced muscle strength may be explained by subjective weakness and difficulties completing tests due to musculoskeletal pain in earlier studies, which is common in patients with acromegaly even after long-term remission. In a study of 58 patients with controlled acromegaly, 90% reported musculoskeletal pain, 84% had hip pain, and 30% had knee osteoarthritis (18) . The methodology used in our study with no movement of the hip may have reduced the element of pain, which may therefore have had less impact on our results than on the results of previous studies (i.e. walk tests and manual/clinical strength tests).
Interestingly, Walchan et al. (9) and da Silva Homem et al. (10) showed reduced muscle flexion and extension in patients with acromegaly compared to healthy matched controls tested by similar methods as in our study. However, there are notable differences in the patient groups studied, and in the treatment regimen of acromegaly. It appears that our patients at diagnosis were younger and healthier in general, but affected by higher hormone levels at diagnosis compared to the patients studied in the above publications. It is possible that with extensive disease duration and variable hormone control, arthropathies evolve that were not present in our patients at diagnosis and that might have impact on muscle strength and balance.
The mechanism of action of GH on skeletal muscle is thought to be both direct and indirect via IGF-I. The molecular pathways that lead to muscle hypertrophy by increased protein synthesis without alterations in proteolysis are well studied in both animal and human experiments (reviewed in (19) ). It is also well documented that GH replacement of GH-deficient adults leads to increased muscle mass within a few months of treatment, although the effect on muscle strength is less clear or delayed (20, 21, 22, 23) . Previous placebo-controlled trials could not show any effect of short-term GH treatment on muscle strength, although exercise performance and maximum oxygen consumption increased (21, 24, 25) . Our group has previously showed an increase and normalization in isometric knee extensor and flexor strength after 2 years of treatment, which is much later than the effects seen on muscle volume, implying a nonlinear relationship between the effect on muscle size and function (13) . In healthy young (26) and elderly (27) men, no increase in muscle strength could be shown over placebo after 3-4 months of GH/placebo treatment and exercise although body composition changed in the GH-treated subjects as expected. Effects of GH on muscle strength are therefore more complex than merely an effect of increased muscle volume.
Histological studies in patients with acromegaly have mainly found hypertrophy of type 1 muscle fibres and varying findings in type 2 fibres (8, 28, 29) . Type 1 fibres are the slow-twitch endurance resistant muscle fibres that rely on aerobic energy. In our study after long-term follow-up (median 11 years) from treatment, strength in isometric and concentric knee extension remained constant and comparable to the healthy reference population with a slight decrease in extension at high velocities (180°/s) (Fig. 1A) . This reduced muscle function at high speeds was accentuated when we tested for endurance with a significant increase of fatigue index. It could be speculated that the hypertrophy induced by long-standing excess of GH damages type 1 fibres and results in long-term loss of endurance. These findings are in line with Walchman et al. (9) and da Silva Homem et al. (10) that showed muscle weakness to be more pronounced at high velocities.
While concentric knee flexion remained stable and normal during the whole study period, we found a significant increase in isometric muscle strength for flexion at an angle of 60° to about 1.5 times the predicted strength. This could not be explained by outliers such as men using testosterone replacement, or lack of the expected age-related decline in absolute muscle strength (data not shown). Age-related changes in muscle performance are thought to be brought upon by a process termed 'excitation-contraction uncoupling', where defects in the interaction between motor neuron and muscle fibre lead to reduced myoplasmatic peak Ca 2+ concentrations after fibre activation (30) . IGF-I plays an important role in normal excitation-contraction coupling as it regulates transcription of the dihydropyridine receptor that mediates the transduction of the electrical to mechanical signal at the sarcolemmal T-tubule by releasing intracellular Ca 2+ upon depolarization (31) .
Over-expression of IGF-I in motor neurons of ageing mice inhibits the decline in specific force typical for ageing (32) and muscle-specific over-expression leads to preserved muscle force, prevents atrophy of type-2 fibres and maintains the regenerative capacity during ageing (33) . Despite normal serum IGF-I levels at follow-up, half of our patients were dependent on medical treatment. Somatostatin analogues only succeed in normalizing IGF-I in about 60% of cases (34) . It is possible that our patients at times had elevated IGF-I levels that could have counteracted the normal age-related decline in muscle function. This could affect isometric strength stronger than concentric action, as the maximum isometric force of a muscle is greater than the maximum force generated by concentric contraction (35) . At diagnosis, our patients had a reduced hand grip strength and endurance, which was normalized one year after treatment (Fig. 1B) . One previous cross-sectional casecontrolled study could not find a difference in hand grip strength among 30 elderly patients with acromegaly (16 with uncontrolled disease) compared to controls (36) . The discrepancy to our study may be due to the heterogeneous population in this previous study with patients with and without biochemical remission as well as using elderly patients. Hand grip strength reflects the combined action of the muscles of the arm and hand. It is a validated and widely used method associated with disease severity and nutritional state and outcome in a variety of diseases (37) . Hand grip strength is also associated with total muscle mass in many patient populations (38, 39, 40) , although this could not be shown in our patients with acromegaly (data not shown). Carpal tunnel syndrome and swelling of the hand and fingers are common in active acromegaly. Four of our patients had carpal tunnel syndrome and one patient had ulnaris syndrome at diagnosis documented in their file. As nerve compression symptoms were not systematically evaluated in this study, it is possible that more patients were affected. This issue together with peripheral oedema may contribute to the reduced grip strength and is reversible upon treatment as body composition normalizes. Our finding that hand grip strength normalizes upon treatment is in agreement with the findings of Walchman et al. that found a correlation between hand grip strength and serum GH levels (9) .
In conclusion and contrary to earlier observations, patients with acromegaly in this study did not suffer from proximal muscle weakness when quantitatively tested at diagnosis and during long-term follow-up. Hand grip strength on the other hand was reduced and normalized after treatment. 
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